Aim Previously, we showed that sowing density influences root length density (RLD), specific root length (SRL) especially in the topsoil, and shallowness of fine roots of field grown spring barley (Hordeum vulagre L.). Here, we ask which trait components may explain these observed changes. Method We grew two spring barley cultivars at contrasting sowing densities in both field trials and rhizotrons, and excavated root crowns and imaged root growth. Results In the field, tiller and nodal root numbers per plant decreased with increasing sowing density, however, nodal roots per tiller, seminal roots per plant, and lateral branching frequencies were not affected.
Branching angle did not or only slightly declined with increasing sowing density. In rhizotrons, aboveground only tiller number was affected by sowing density. Root growth rates and counts were not (or only slightly) affected. Conclusion Greater RLD at high sowing densities is largely explained by greater main root number per area. The altered seminal to nodal root ratio might explain observed increases in SRL. We conclude that sowing density is a modifier of root system architecture with probable functional consequences, and thereby an important factor to be considered in root studies or the development of root ideotypes for agriculture. 
Introduction
Much research in plant science is conducted indoors, under controlled climatic conditions, but claims to have relevance to the field. Translation of results has often proven difficult. We consider that part of the differences found might be explained by environmental factors such as fluctuating light, varying temperature, rainfall and wind occurring. We propose, however, that plant competition, which is strongly affected by sowing density in a crop, may be an important factor in lab-to-field translation. Plant density is known to have large effects on plant traits and growth above-ground; increasing sowing density reduces tiller number per plant (Kamel 1959; Munir 2002; Turk et al. 2003; Soleymani et al. 2011 ) and shoot dry weight per plant (Harper 1977) , while increases tillers per area (Kays and Harper 1974; Darwinkel 1978) , leaf number per area (Khalil et al. 2011; Moosavi et al. 2012) , leaf area per area (=leaf area index) (Pospišil et al. 2000; Amanullah et al. 2007; Olsen and Weiner 2007; Moosavi et al. 2012 ) and specific leaf area (leaf area per mass of leaf) (Amanullah et al. 2007; Farshbaf-Jafari et al. 2014) .
Despite knowledge about how sowing-and the resulting plant density affects plant traits aboveground, very little is known about how sowing density affects root traits and architecture belowground. Knowledge of effects of sowing density on roots could prove to be essential in the quest to find crop ecotypes and varieties that are better adapted to extreme weather events such as drought or low soil phosphorus levels, since sowing density may interact with a crop's ability to be resilient to drivers of global change. We are not aware of literature dealing with branching angle, root number, and lateral branching frequency and how these traits are affected by sowing density in barley. We found a few studies in other plant species on the topic. Sowing density has been found to decrease branching angle in grape vine and increase root length density (RLD) in the topsoil without affecting the ratio of primary, secondary and tertiary roots (Archer and Strauss 1985) . Volis and Shani (2000) studied the desert annual plant Eremobium aegyptiacum, a Brassicacea, in its natural habitat and found the number of first order laterals and the lateral branching frequency at the main root to increase with plant density. Further, maize has been found to grow fewer roots at upper phytomers at higher plant densities (Demotes-Mainard and Pellerin 1992; Pellerin 1994) . Kamel (1959) analyzed root dry weights and root mass fraction in barley and found that neither traits were affected by sowing density. His study used rather high seeding rates (125-500 seeds m −2
) and reported unusually low root mass fractions such that we do not know how generalizable their results are. We conclude that there is a knowledge gap with regard to how sowing density effects root architecture and that this knowledge gap may play an important role in understanding why experiments on individual plants in controlled conditions may not translate directly to experimentation in the field.
In a previous study, we reported that increasing sowing density affected a number traits in the field. Sowing density led to a reduction in tiller formation and shoot dry weight per plant and an increase in specific leaf area of field grown barley (Hecht et al. 2016) and suggested that the plants might respond more to light competition than nutrient competition. We observed that shoot dry weight per tiller was not affected by sowing density, however, it increased over time. Additionally, we found that increasing sowing density changed biomass allocation and fine root distribution. Specifically, stem mass fraction increased, while root mass fraction decreased with increasing sowing density, again pointing to a strong role of competition for light being a main driver of such effects. In a meta-analysis, Poorter et al. (2012) showed that these changes in allocation have been observed for several other species. Within the root system, we observed that root mass was invested into fine root growth resulting in increased RLD as well as specific root length (SRL) (Hecht et al. 2016 ). This occurred especially in the topsoil, causing the depth at which one finds 50% of the total root length (D50) of fine roots to become shallower. In this study we focused on the individual plant phenotype and the organ level phenotypic traits such as root branching angles, nodal and seminal root counts and lateral root branching densities. We wanted to know which architectural root traits may explain the observed changes in specific root length, rooting depth and biomass allocation at the plot (field) level. We also asked if the effects of sowing density on root architectural traits could be reproduced under controlled conditions using rhizotron boxes placed along a gradient of environmental conditions going from highly controlled, but artificial, to less controlled but closer to reality, e.g. rhizotron boxes places in a growth chamber, a greenhouse, and outside.. We investigated branching angles, root counts, and branching frequencies of plants grown at high and low density in these three conditions and compared them to the same measurement taken on roots excavated in the field. We reason how plasticity in these root architectural traits may explain the earlier reported higher scale observations of SRL and RLD distribution with depth.
Given the lack of knowledge with regard to how sowing density effects root architecture, we may consider how sowing density influence the local environment of the plant, and how these environmental changes may cause phenotypic responses. Increasing sowing density does not only reduce the area available per plant but also the amount of intercepted light per plant (changing light quantity and quality) and water or nutrients (e.g. nitrogen) available to the individual plant (Weiner et al. 2001) . These changes in the abiotic factors can alter plant architecture and such plasticity responses have been much studied (Kamel 1959; Casal et al. 1986; Thorup-Kristensen 2001; Manschadi et al. 2008; Wasson et al. 2012; Lynch 2013; Paez-Garcia et al. 2015) and might be a basis for interpreting root growth plasticity responses to increasing sowing density and will thereby be shortly discussed.
A decline in red (R) to far-red (FR) light -no matter, if by neighboring plants absorbing red and blue light (Woolley 1971; Holmes 1981; Kasperbauer and Karlen 1986; Kasperbauer 1987) or artificially -with increasing sowing density, leads to a reduction in tiller production of the individual plants (Casal et al. 1986; Davis and Simmons 1994) . Similarly, low light has been shown to reduce tiller formation in grasses and cereal crops in comparison to plants growing under normal light conditions (Kamel 1959; Kays and Harper 1974; Casal et al. 1986 ). Belowground, reduced light decreased root weight per plant in barley (Kamel 1959) and SRL is increased in the grass Lolium perenne (Evans 1983 ). Thus, low light and a reduced R/FR ratio cause a decrease in tiller number of a plant regardless of whether the incoming radiation is altered by neighboring plants or artificially. In addition, as Kamel (1959) already argued, roots are dependent on carbohydrates produced by the shoot and if shoot growth is limited by e.g. light intensity, root growth might too be limited.
More plants at e.g. higher plant densities require and take up more water (Azam-Ali et al. 1984; Archer and Strauss 1989) , but also nutrients, such as nitrogen, phosphate and potassium (Gao et al. 2009; Ciampitti and Vyn 2011; Su et al. 2011; Li et al. 2014 ). This does not necessarily occur proportionally due to competition, which can be asymmetric when plants of different sizes are competing with one another (Weiner and Thomas 1986) . We hypothesize that competition might trigger similar root growth plasticity responses as under low resource availability, such as root proliferation (Marschner 2012) , changes in rooting depth (ThorupKristensen 2001 (ThorupKristensen , 2006 Kristensen and ThorupKristensen 2009; Wasson et al. 2012; Lynch 2013) , branching angle (Manschadi et al. 2008; Singh et al. 2010b; Dathe et al. 2013) , axial root number (Saengwilai et al. 2014) , and lateral roots (Postma et al. 2014; . The linking of some root architectural traits to a specific function has also recently been reviewed by Paez-Garcia et al. (2015) . However, as the literature is not clear on how plants respond to belowground resource deficiency, and as we do not know what resources high density plants compete for most, it is difficult to predict what responses in root system architecture (RSA) we might expect.
We hypothesized that, as the previously observed increase in RLD seemed to be caused mostly by greater investment into fine roots (expressed in the previously observed increased SRL), the lateral branching frequency, as a trait component of RLD, might be greater at higher sowing densities.
Furthermore, as in our previous study the D50 values of major root axes were not affected by sowing density (Hecht et al. 2016) , we expect the branching angle to be the same for all sowing densities. In order to test these hypotheses, we measured many root architectural traits in a range of experiments in which we varied the sowing density. As one difference between controlled and field experiments is often plant density (in controlled experiments, often single plants are studied, while in a crop in the field plants usually grow in a stand), we designed these experiments along a gradient from highly controlled to greater realism in order to understand how plant density might play a role in the translation from lab to field. We thus grew our plants in rhizotrons and in the field. The rhizotron experiment was repeated under varying climatic conditions, in a growth chamber, in a green house, and outside, representing a gradient from highly controlled to near field conditions.
Material and methods
Within this study, we conducted three rhizotron experiments with spring barley as single plants and in clusters and two field experiments with a range of different sowing densities that corresponded to those used in the rhizotron experiments. Two of the rhizotron experiments were performed in 60x30cm-rhizotrons namely, Rhizo1 (rhizotron experiment 1) at 414 GDD (GDD = growing degree days, for calculation and explanation see below; 23 days after germination (DAG)) and Rhizo2 (rhizotron experiment 2) at 251 GDD (19 DAG), and the third rhizotron experiment was conducted in bigger 90x70cm-rhizotrons, namely Rhizo3, at 510 GDD (34 DAG) using GROWSCREEN-Rhizo (Nagel et al. 2012) .
In total, there were five samplings in the field experiments at Campus Klein-Altendorf: in both years, 2013 and 2014, we excavated root crowns twice via the so called shovelomics approach (Trachsel et al. 2010) , namely in Field1_2013 (75 days after sowing (DAS), 995 GDD) and in Field2_2013 (98 DAS, 1456 GDD) in 2013 and in Field2_2014 (68 DAS, 767 GDD) in 2014. Additionally, we took soil cores for scanning via nuclear magnetic resonance (NMR) in 2013, namely C_2013. For a better comparison of rhizotron and field experiments, we first converted DAS of field trials into DAG by approximating the first DAG as 5 days before shoot emergence. Second, we converted DAG for all experiments into GDD, since temperatures can vary greatly among years and locations and plant development depends, among others, strongly on temperature (Kirby et al. 1982; Hunt and Thomas 1985; Miglietta 1989; Wilhelm 1997, 2003; Füllner et al. 2012) . Thermal time expressed in GDD is the cumulative heat based on daily mean temperature above a certain base temperature. Hence, thermal time is supposed to be a better way to compare developmental stages of plant growth than days of growth (Miller et al. 2001) . We calculated GDD as
where T max and T min are daily maximum and minimum air temperature, respectively, and T base is the base temperature (McMaster and Wilhelm 1997), for each day of growth from 1 DAG (i) until sampling (n). We set base temperature to 0°C (e.g. McMaster and Smika (1988); McMaster and Wilhelm (2003) ).
In the following paragraphs, the experiments are described in more detail.
Plant material
We grew two German malting spring barley (Hordeum vulgare L.) cultivars 'Scarlett' and 'Barke'. Scarlett is shorter than Barke, however, Barke is more resistant to lodging. Scarlett ripens earlier than Barke (Landesanstalt für Pflanzenbau und Pflanzenschutz 2002). Barke is possibly one of the most researched barley cultivars of the last decade (Gahoonia and Nielsen 2004; Schmalenbach and Pillen 2009; Auškalnienė et al. 2010; Dornbusch et al. 2011; Castillo et al. 2012; Füllner et al. 2012; Alqudah and Schnurbusch 2015) .
Rhizotron experiments
We conducted the experiments in greenhouse, climate chamber, and outdoor at the Forschungszentrum Jülich GmbH, Germany (N50°54′ 35.96B, E6°24' 47.401^). We transferred pre-germinated seeds into rhizotrons (narrow boxes at 45°angle with a transparent plate on the lower side through which one can track root growth visually) with a spacing representing low and medium sowing density of field experiments. More information on design, number of replicates, climate conditions are listed in Table 1 . We harvested the plants, when the first roots reached the bottom of the rhizotrons.
Pre-germination and transfer to rhizotron
We stirred the seeds in a mixture of 1 ml Tween20 surfactant per 50 ml H 2 O and 0.5%NaClO for surface sterilization in a beaker with a stirring rod for 1 min. We discarded the sterilization bath and rinsed the seeds with tap water for 5 min before vernalization in 0.5mMol CaSO 4 in a beaker covered by wrapping foil at 4°C in the fridge overnight. The next day, we placed seeds on sterile petri dishes that contained filter papers soaked with 5 ml of 0.5mMol CaSO 4 . We covered seeds with another wetted filter paper to prevent drying. We sealed petri dishes with Parafilm® and wrapped them in aluminum foil to keep the seeds in the dark. We kept them in a cupboard at room temperature. Seeds germinated after 2-3 days and seedlings with roots of 2-4 mm length were transferred into rhizotrons filled with substrate at 2-3 cm depth, and placed close to the transparent sheet.
Shoot measurements and sampling
During growth, every 2-3 days, we noted the growth stages of plants using the BBCH according to (Lancashire et al. 1991) and counted the number of tillers. At harvest, we cut the shoots at the base and dried the samples in the drying oven at 70°C for minimum 5 days before determining dry weights.
Roots measurements and sampling
During growth, every 2-3 days, we photographed the visible roots at the transparent window, determined their length via RhizoPaint (Nagel et al. 2012) , and determined maximum rooting depth (MRD) as distance from soil surface to deepest root tip. We calculated growth rates of MRD (GR MRD ) at measurement day j and k as:
Further, we calculated relative growth rates (RGR) of total root length (RGR TRL ) at measurement day j and k as:
At harvest, we measured branching angle (BA) of the outermost seminal and outermost nodal roots separately and at 5 cm depth (Rhizo1). We present the average branching angle as the angle from vertical (see also Fig. 1 b) :
Moreover, we counted the number of seminal and nodal roots for each tiller separately (see Fig. A.1). All roots emerging close to the seminal roots but not from the seed tip, we counted as coleoptile nodal roots, and excluded from the here presented nodal root counts (compare to Singh et al. (2010a) ). We washed the roots over a sieve using tap water. For Rhizo2, we measured lateral branching frequency at 1 cm, 10 cm, and 20 cm from the base of one seminal root as counts of lateral roots per cm root. We estimated the average lateral root length by 1) scanning the longest seminal root with all its laterals, 2) determining the total length in root diameter class 0.1-0.3 mm (WinRHIZO™, manual threshold 210, 600 dpi), and 3) dividing that length by the count of all lateral roots along the longest seminal root.
For Rhizo3, for a distribution histogram of the nodal roots per tiller, we grouped all tillers with a certain number of nodal roots per tiller for each plant into the following categories/bins: 0-2, 3-5, 6-8, and 9-11 nodal roots per tiller. For an example plant see also appendix 
Field experiment
We sampled in the same field trials as described in Hecht et al. (2016) , albeit at different time points, with different sampling methods and in different blocks. Here we provide a short summary of the experiment and the additional root sampling techniques used for this publication. corresponds to a sowing density in the field of about 300 seeds/m2, when inter-row distance 12 cm; in the within this study conducted field experiments, this neighbor-distance corresponds to medium sowing density, as inter-row distance is 21 cm
Field site
We conducted two experiments at Campus KleinAltendorf (CKA, University of Bonn, Germany, 50°37′31.00^N, 6°59′20.54″E) in 2013 and 2014 on a loamy-clay silt soil (luvisol). Annual precipitation, average annual temperature and sun hours were 734.4 mm, 9.8°C and 1753 h in 2013 and 820.4 mm, 11.4°C, and 1934 h in 2014, respectively, and cumulative rainfall, cumulative growing degree days (GDD in°C), and cumulative photosynthetically active radiation (PAR) from sowing date until final harvest date were 285 mm, 1769.06 GDD, and 68.9 kWh m , since too many plants died in the 24 seeds m −2 plots to find an appropriate slot to sample). For each genotype, we sampled root crowns of one plant per plot of each sowing density using the shovelomics-approach (Trachsel et al. 2010) . For more details on sampling method, sampled sowing density, replicates, climate conditions at harvest see Table 2 .
Shoot sampling and measurements
We cut the shoot at plant base, recorded BBCH (Lancashire et al. 1991) and counted the number of all tillers of each sampled plant. We oven-dried the shoot samples at 70°C for minimum 2 days before determining dry weights (to the nearest 0.01 g).
Root sampling and measurements
After excavation, we washed the root crowns in soapy water and then determined the branching angle (BA) of the outermost roots at 5 cm below the plant base as described above in 2.2.3 but for nodal roots only. BA was determined as the angle from the horizontal on the left and right side from the center of the plant into the direction of neighbor plants within the same plant row and into the direction of the neighboring plant row. We verified that the nodal roots were sufficiently stiff as to not change angles during washing by visually comparing them to angles of unwashed nodal roots as imaged by NMR (See Fig. 1 ). Further, we counted the number of seminal roots and nodal roots for each tiller separately (see Fig. A .1) and all other (=adventitious) roots. Furthermore, for Field1_2013, we determined the lateral branching frequency of 1 cm of a randomly chosen seminal and nodal root at least 3 cm from the plant base, respectively. For the distribution histogram of the nodal roots per tiller see 2.2.3. For field data, we added an additional bin of 12 or more nodal roots per tiller. Apart from the absolute numbers, we also calculated the percentages of the different bins in these distribution histograms. Additionally, we estimated tiller age based on tiller counts at the several measurement days and plotted the number of nodal roots of a certain tiller over the age of that tiller. In 2013, we complimented the root crown excavation by imaging the roots crowns in intact soil cores ( Fig. 1 a, c, e). Cores were 30 cm long, 9 cm in diameter, and taken directly over the plant (C_2013). After drilling, the soil cores were wrapped into wrapping foil and stored at 4°C for later scanning with NMR (4.7 Tesla/300 mm Varian VNMRS vertical wide-bore MRI system (Varian Inc., Oxford, UK) (Jahnke et al. 2009) with y = average of measured trait for a given rhizotron or plot. When block was not significant, we used a simplified model without block. Further, we averaged the data of the two genotype, since genotypes were statistically not significant from each other in most samplings (except Rhizo3 nodal roots per tiller Scarlett>Barke p = 0.0458; Field1_2014 nodal roots per plant Scarlett>Barke p = 0.047, Field2_2014 nodal roots per tiller Barke>Scarlett p = 0.01116, and Field2_2013 branching angle within the plant row (iR) Scarlett>Barke p = 0.01323).
Hence, we used the simplified model:
y∼Sowing density:
As a posthoc-test, we performed TukeyHSD. Data are presented as boxplots as medians with 50% quantile and error bars indicating minimum and maximum values and significant differences among groups are indicated by letters with a significance level of p < 0.1.
For counts (tiller and roots), we used the nonparametric Kruskal-Wallis-test appropriate for nonparametric data (McDonald 2014) and performed the Kruskal-Nemensyi-Test as a posthoc-test. Data are presented as boxplots as medians with 50% quantile and error bars indicating minimum and maximum values and significant differences among groups are indicated by letters at a significance level of p < 0.1.
Results
Here, we shortly summarize our results: we found sowing density effects on several plant traits in field trials but only few traits were affected in some rhizotron experiments, namely, tiller number and nodal root distribution at tillers at 510 GDD (Rhizo3, 34 DAG, BBCH21-22) and nodal roots per area at 251 GDD (Rhizo2, 19 DAG, BBCH19-21) and at 414 GDD (Rhizo1, 23 DAG, BBCH21-23). In the outdoor placed rhizotrons (Rhizo2) that experienced more field like weather conditions and had similar shoot development to field grown plants at that thermal time (tiller count and plant height (data not shown)) we did not find any further sowing density effects. In the field, we observed a strong effect of sowing density on tiller formation (in rhizotrons rather weak) and shoot dry weight (see section BShoot tiller formation and dry weight^), causing high density plants to have fewer but on average older tillers (see section BNumber of tillers with a certain number of nodal roots and tiller age^), with in total fewer nodal roots (see section BSeminal and nodal root counts^). Nodal root count per area increased with increasing sowing density, but not as much as seminal root counts per area (see section BSeminal and nodal root counts^). At high density stands, we had many more major axes per area, especially more fine seminal roots (see section BSeminal and nodal root counts^). Nonetheless, we found the following traits to be not (or only slightly) affected by sowing density: seminal roots per plant (see section BSeminal and nodal root counts^), nodal roots per tiller (see section BNodal roots per tiller^), branching angle (see section BBranching angle^), lateral root emergence and lateral branching frequency (see section BLateral roots: emergence, length, and branching frequency^), and growth rates of roots (see section BRoot growth rates^). Thus, we did not find support for our first hypothesis that increased SRL is caused by greater lateral branching frequency. However, our second hypothesis hold true that branching angles were not affected by sowing density.
Shoot tiller formation and dry weight
The number of tillers per plant decreased with increasing sowing density (Fig. 2 , see Table A .1-A.6 for statistics, means and SEM). For rhizotron experiments, this trend was only significant after 510 GDD (Rhizo3, 34 DAG, BBCH21-22), while in the field, tiller counts were already significantly greater in low than in high sowing density at 325 GDD (Field1_2014, 35 DAS, BBCH23-29, 9.5 in low vs. 4.5 tillers in high sowing density, p = 0.00069). From 767 GDD on (Field2_2014, 68 DAS, BBCH38-48), tiller counts of low sowing density were significantly greater than in high and medium sowing density (low>high p > 0.00001, low>medium p = 0.039), while medium and high sowing density did not statistically differ from each other. Furthermore, at the highest and medium sowing density, tiller formation stopped after 767 GDD (Field2_2014, 68 DAS, BBCH38-48). In contrast, the number of tillers increased in the lowest sowing density until 995 GDD (Field1_2013, 75 DAS, BBCH65-75) and decreased slightly afterwards from 995 to 1456 GDD (Field2_2013, 98 DAS, BBCH89-92) as well as in the medium sowing density. For the highest sowing density, there was no change from 995 to 1456 GDD (Fig. 2) . Similarly to tiller counts per plant, shoot dry weight per plant decreased with increasing sowing density (see appendix Fig. A.2 ). This trend we could earliest measure after at 325 GDD (Field1_2014, BBCH23-29, 35 DAS): plants in low sowing density had 0.54 g per plant and had therefore significantly greater shoot dry weight per plant than in medium (0.30 g per plant) and in high sowing density (0.25 g per plant), while there was no statistical difference between medium and high sowing density (for p-values see Table A .7). In rhizotron experiments, however, shoot dry weight per plant was not significantly affected by sowing density even at 510 GDD (Rhizo3, 34 DAG, BBCH21-22) (see Table A .8). Until anthesis, plants gained 4.55 g, 12.36 g, and 34.37 g shoot dry weight per plant in high, medium, and low sowing density, respectively (see appendix Fig. A.2) .
Number of tillers with a certain number of nodal roots and tiller age
In order to see, how the nodal roots are distributed at the tillers of a plant, we separated all tillers and counted the number of nodal roots for each tiller (Fig. 3) . We grouped the tillers according to their number of nodal roots and compared the histograms of the different sowing densities. Young plants did not have so many tillers and therefore nodal roots yet. Hence, most tillers had 0-2 nodal roots (Fig. 3 a) . This is also the bin in which a trend started to become visible: plants in low sowing density had more tillers with 0-2 nodal roots than plants in medium or high sowing density. At 767 GDD (Field2_2014), low sowing density plants still had most tillers in the 0-2 nodal roots per tiller-bin, while for medium and high sowing density the highest tiller count was in bin 3-5 nodal roots per tiller (Fig. 3 b) . Fig. 2 Tiller number per plant over thermal time, experiment, and sowing density. Data are presented as boxplots (median framed by the 50%-quantile, error bars indicate minimum and maximum values) and letters indicate significant difference between groups within one sampling (p < 0.1) Fig. 3 Histogram of number of tiller that bear a certain number of nodal roots over thermal time: (a) 0 to 2 nodal roots per tiller, (b) 3 to 5 nodal roots per tiller, (c) 6 to 8 nodal roots per tiller, (d) 9 to 11 nodal roots per tiller, and (e) 12 or more nodal roots per tiller. The older the plants, the more tillers with higher nodal root counts they exhibited. Note the different yaxes. Letters indicate significant difference between groups within one sampling (p < 0.1). For description of x-axis and data presentation see Fig. 2 . The percentages of the data presented as means with SEM can be found in the appendix in Table A . 13 Moreover, low sowing density had in almost all bins significantly more tillers than medium and high sowing density (see Table A.9, Table A.10,  Table A.11, and Table A .12). At 1456 GDD (Field2_2013), all sowing densities had most tillers in bin 0-2 and 3-5 nodal roots per tiller. In general, there was only a significant difference in the total number of nodal roots per tiller between plants of low vs. medium and high sowing density. This was probably due to the fact that plants in low density had much more tillers and therefore in all bins they had more tillers with a certain number of nodal roots than in medium or high sowing density.
The overall distribution of nodal roots per tillerrelatively seen -was the same in a low-density, medium-density, and a high-density plant, as the percentages of the tillers with a certain number of nodal roots were not significantly different from each other at any sampling time point within one experiment (see Table A .13, Table A.14, and Table A.15) (except in Field2_2014 (767 GDD) for 0-2 nodal roots per tiller where low density plants had 59% in that bin, while medium and high sowing density had only up to 31% in that bin and were therefore significantly lower than low sowing density. Further, percentages were different for all experiments in bin 3-5 nodal roots per tiller, in which low sowing density almost always had significantly lower values than medium or high sowing density (Rhizo3 (510 GDD): medium>low p = 0.0659, Field2_2014 (767 GDD): medium>low p = 0.04861, high>low p = 0.0807, Field2_2013 (1456GDD): medium>low p = 0.07086)).
Assuming that tillers with more nodal roots were older, and based on the aboveground monitored appearance of tillers, we designated an age for each tiller and plotted tiller age against number of nodal roots (Fig. 4 , for data separated for each genotype and sowing density see appendix Fig. A.3) . Nodal roots per tiller increased significantly until the end of the season among samplings (overall means of Field1_2014 (325 GDD): 0.94 (± 0.15) nodal roots per tiller, Field2_2014 (767 GDD): 5.45 (± 0.22) nodal roots per tiller, Field2_2013 (1456 GDD): 3.19 (± 0.17) nodal roots per tiller were all highly significantly different (for all p < 0.0001) from each other). Moreover, it is noteworthy that there were tillers without any nodal roots even when plants were about 2-month-old or older, when plants were already elongating their stems and booting and no longer in the tiller formation phase.
Seminal and nodal root counts
The seminal root count was not affected by sowing density (except at 995 GDD (Field1_2013), where medium sowing density had significantly greater values than low (p = 0.027) and high (p = 0.087) sowing density). At all sampling time points in all experiments, seminal root count was about 5-7 (Fig. A.4) .
For nodal roots, there was also no sowing density effect visible during the first five weeks after germination in rhizotron experiments (Rhizo2, 251 GDD, 19 DAG; Rhizo1, 414 GDD, 23 DAG; and Rhizo3, 510 GDD, 34 DAG), when plants were in the tiller formation phase and had about 3-11 nodal roots per plant (3-4, 10-11, and 4-6 nodal roots per plant at 251, 414, and 510 GDD, respectively, see also Table A .16 ). In the field, though, plants already showed a significant decline in nodal root count with increasing sowing density after four weeks after germination at 325 GDD (Field1_2014, 35 DAS) from 9 in the lowest to 6 in the medium and 5 nodal roots per plant in the highest sowing density (low>high sowing density, p = 0.046; Fig. 5 a, see also Table A .17 for statistics). At 767 GDD (Field2_2014, 68 DAS), at stem elongation and booting, low sowing density had about 95 nodal roots per plant and had thus significantly greater nodal root counts than medium and high sowing density which had about 37 and 22 nodal roots per plant, respectively, and which were also significantly different from each other (Fig. 5 a, for p-values see Table A .18). From here on, the number of nodal roots per plant increased further for low sowing density up to maximum 138 nodal roots per plant at grain filling at 1456 GDD (Field2_2013, 98 DAS), while the nodal root count for medium and highest sowing density stayed at about 39 and 20 nodal roots per plant, respectively (Fig. 5 a) , so that the number of nodal roots per plant in low sowing density was significantly greater than high and medium sowing density, which were as well statistically significant from each other (Table A.19, Table A.20) .
Although, the number of nodal roots per plant declined, the number of nodal roots per area (# m −2 ) increased with increasing sowing density (see appendix Fig. A .5) and were up to almost 9 times greater in high (1813.3 nodal roots per area) than in low (212 nodal roots per area) sowing density at about four weeks after germination (325 GDD, Field1_2014) (high>low sowing density, p = 0.00029). At stem elongation (767 GDD, Field2_2014), though, nodal root counts per area were about three times greater in high (7522.5 nodal roots per area) than in low (2277 nodal roots per area) sowing density (high>low sowing density, p = 0.000029). In addition, around the time of flowering and grain filling, nodal root counts per area were only about 1.8 times greater in high than in low sowing density but still significantly higher (995 GDD, Field1_2013: high: 5644, low: 3090.7, p = 0.0104) and at the end of grain filling/seed maturity, nodal root counts per area were only 1.6 times but still significantly greater in high than in low sowing density (1456 GDD, Field2_2013: high: 7083.3, low: 4285.8 nodal roots per area, p = 0.10). This was in contrast to the seminal root count which did not change over time and was not affected by sowing density or system/location and thereby the seminal root count was about 14 times greater per area in high compared to low sowing density (5-7 seminal roots per plant in all treatments, hence, about 5 × 24 = 120 in low and 5 × 340 = 1700 seminal roots per area in high sowing density).
Nodal roots per tiller
Like the nodal root count per plant, nodal roots per tiller increased over time from about 1-2 nodal roots per tiller during tiller formation (251 to 510 GDD, Rhizo1-3 and Field1_2014), over 3-4 nodal roots per tiller at stem elongation (767 GDD, Field2_2014), to 4-6 nodal roots per tiller at flowering/grain filling and maturing (995 (Field1_2013) to 1456 GDD (Field2_2013)) (Fig. 5 b) . During the vegetative stages (251 to 510 GDD, Rhizo1-3 and Field1_2014), nodal roots per tiller was more or less constant in rhizotron experiments, however, nodal roots per tiller increased significantly with sowing density in the field trial at 325 GDD (Field1_2014, high > low sowing density, p = 0.0608; high > medium sowing density, p = 0.0361) during the vegetative stage. At the end of the vegetative stage, during stem elongation at 767 GDD (Field2_2014, 68 DAS), nodal roots per tiller increased with sowing density (Fig. 5 b, for p-values see Table A .21). During anthesis and grain filling (995 GDD, Field1_2013, 75 DAS), nodal roots per tiller declined with sowing density, though, significantly only between medium and high sowing density (Fig. 5 b, for p-values see Table A .22).
Branching angle
The branching angle (average angle of outer most roots from vertical, see Fig. 1 and material and methods) measured at 5 cm depth increased over time from 23 to 27°at tillering (251 GDD, Rhizo2, 19 DAG) to maximum 52.81°at stem elongation (767 GDD, Field2_2014, 68 DAS) and declined slightly at grain filling/maturing (1456 GDD, Field2_2013, 98 DAS) (Fig. 6 ). Sowing density significantly affected branching angle within the plant row (iR) only at 767 GDD (Field2_2014, 68 DAS): here, the branching angle declined with increasing sowing density from 52.83°in low to 41.62°in high sowing density (Fig. 6a , for pvalues see Table A.23 and Table A .24) . At the same time point, there was the same trend also for branching angle between the plant rows (bR), but this was not significant (Fig. 6a, b) . About a month later, at 1456 GDD (Field2_2013, 98 DAS), at seed maturing, the branching angle also declined significantly with increasing sowing density, both iR and bR, however only statistically different between low and high sowing density (for pvalues see Table A.25 and Table A .26) . Figure 1 shows images of excavated root systems via Shovelomics-approach and NMR-images of root systems taken via soil coring of plants in low, medium and high sowing density at about the same thermal time. In the appendix, there are more images of root systems in rhizotrons and of the earliest shovelomics sampling (Fig.  A 1) . The root systems of the Shovelomics-approach and NMR looked very much alike at the same sowing density. Furthermore, it seems as if the inclination angle of the nodal roots are actually the same and the differences in branching angle are caused by different widths of the plant base, i.e. the stool, as we measured from the center of the plant base and not from the point at the nodes of which the nodal roots emerged from.
Lateral roots: Emergence, length, and branching frequency Lateral roots emerged earliest 5 DAG (90 GDD, Rhizo1) for plants in high sowing density but in most cases at 12 DAG (156-216 GDD, Rhizo1-2). They reached an average length of 2.1 cm averaged over all Scarlett plants (Rhizo2, 19 DAG, 251°C; high sowing density: 2.5 cm (± 0.20 cm, SEM), low sowing density: 1.9 cm (± 0.08 cm, SEM)). Lateral branching frequencies of seminal roots were about 4-8 laterals per cm seminal root for both genotypes in all sowing densities at 251 GDD (rhizotron experiment, Rhizo2, 19 DAG) and 995 GDD (field experiment, Field1_2013, 75 DAS) (Fig. 7) . Nodal roots had about the same lateral branching frequency of 4-9 laterals per cm of nodal root regardless of sowing density (Fig. 7b, Field1_2013, 75 DAS, 995 GDD) . Both, lateral branching frequencies of seminal and nodal roots, Fig. 5 Nodal root count (a) and ratio of nodal roots per tiller (b) for all different samplings over thermal time. a Nodal root count increased over time, and decreased with sowing density, and (b) nodal roots per tiller increased with time, but stayed more or less constant with sowing density. For description of x-axis and data presentation see Fig. 2 were not significantly affected neither by sowing density nor by genotype (for p-values see Table A.27,  Table A.28, Table A.29, and Table A .30 ).
Root growth rates
Growth rates of roots were only measured in rhizotron experiments. For Rhizo1 (414 GDD) most roots reached the bottom at 17 DAG and for Rhizo2 (251 GDD) at 16 DAG, while for Rhizo3 (510 GDD) roots reached the bottom at final harvest. Growth rates of maximum rooting depth (GR MRD ) were significantly different between sowing densities (data not shown) only during a few days (Rhizo2: 1 of 10 measurement days on which medium > low sowing density and 1 of 10 on which low > medium sowing density, Rhizo1: 3 of 9 measurement days on which medium > low sowing density (plus 3 days on which low > medium but roots had already hit the bottom in medium sowing density), Rhizo3: 2 of 11 measurement days on which Scarlett > Barke and 1 of 11 days on which Barke > Scarlett). The average GR MRD until harvest or the day when roots hit the bottom were between 2.1 and 3.4 cm day −1 (0.14 and 0.26 cm GDD −1
) (see Table A . 31). For Rhizo3, there was no treatment effect, while for Rhizo1 GR MRD was greater in medium sowing density (p = 0.0136473) and for Rhizo2 it was vice versa, low sowing density was significantly greater than medium sowing density (p = 0.0538278). The relative growth rates of total root length (RGR TRL ) did not show a sowing density effect for Rhizo2 and were on average 0.1968 ± 0.0188 cm cm −1 day −1 (0.0157 ± 0.0015 cm cm , 0.0102 ± 2.1437e-04 cm cm
) sowing density (p = 0.0076282).
Discussion
Our data suggests that in barley, and presumably other Poaceae, the root response to plant density is regulated Fig. 6 Branching angle (BA) measured from vertical at 5 cm depth within the plant row (iR) (a) and between the plant rows (bR) (b) for all different samplings over thermal time. Branching angle was about the same iR and bR and increased somewhat with time. Significant differences became prominent only in old plants at or after flowering, where BA declined with increasing sowing density. For description of x-axis and data presentation see Fig. 2 over the tillering response, so by the aboveground part of the plant. We observed a strong reduction in the number of tillers in response to increasing sowing density. This response is common to many Poaceae (Kays and Harper 1974; Darwinkel 1978; Lafarge et al. 2002) . We show, however, that this response has strong consequences for the RSA belowground. We discuss possible functional consequences of these architectural changes. Finally, we discuss the importance of the findings for root research and phenotyping. We show that it is challenging to simulate the sowing density effects under controlled conditions, whereas observed differences in root traits in the green house might be altered in the field, even when comparing plants at similar growing degree days.
Nodal root formation is associated to the tillering response to sowing density A reduction in the number of tillers was one of the first responses to sowing density that we observed; a response well described in the literature. Already Kamel (1959) showed that tiller formation stops the latest at ear emergence, but in higher sowing densities up to two weeks earlier. Later studies have shown that this response is regulated over red to far-red ratios of the light, which decreases when neighboring plants absorb the red light (Woolley 1971; Holmes 1981; Casal et al. 1986; Kasperbauer and Karlen 1986; Davis and Simmons 1994 ). An early termination of the formation of tillers, causes high density plants to lack young tillers at flowering. Finally, sowing density also influences tiller mortality. Tiller death has been reported for cereals in many studies (e.g. (Kamel 1959; Darwinkel 1978; Anderson-Taylor and Marshall 1983) ) and gets usually prominent around flowering, as we also found in this study in our field trials. After ear emergence, Kamel (1959) reports a decline in the number of tillers per plant, and this decline is stronger in the high sowing densities, similar to what we observed in our field data (except for Barke in 2014, data not shown). We conclude that not only the number, but also the age distribution of the tillers is altered by plant competition. We consider the tillering response to competition of importance, as a large part of the root system is formed by the nodal roots coming from the tillers (AndersonTaylor and Marshall 1983) . Wahbi and Gregory (1995) showed for barley that the number of nodal roots increased linearly over thermal time and is linearly correlated with the number of leaves, and presumable tillers. Recently, this positive correlation of nodal roots (leaf node roots) and tiller number has been confirmed in Brachypodium distachyon (Chochois et al. 2015) . At the same time, younger tillers carry fewer nodal roots For explanation of data presentation see Fig. 2 than older tillers (Anderson-Taylor and Marshall 1983) . Thus, the increase in average tiller age with increasing sowing density discussed above may also affect the nodal root counts per tiller. It is thereby quite difficult to prove that sowing density had direct effects on nodal root formation, on top of the proposed regulation of the number of tillers. Such direct effects of plant density, for example, have been observed in the nodal root formation of maize, which mostly does not tiller (Liu et al. 2012) .
Although in our study, there was a trend towards more nodal roots per tiller in higher sowing densities until flowering (and then to less nodal roots per tiller in higher sowing density), the number of nodal roots per tiller was relatively stable with sowing density. The observed fluctuation may be explained by the older age of the tillers in higher sowing density, where tiller formation stopped earlier and tiller death was less pronounced. Chochois et al. (2015) showed for Brachipodium distachyon that the number of leaf node axile roots is linearly correlated with the number of tillers, and we thereby conclude that the number of nodal roots per plant at different sowing densities is mostly a function of the number of tillers.
Estimating RLD and SRL from RSA traits
We asked what root traits might explain our previously published observations of increased RLD and SRL in high density plots. Even though the nodal root counts per plant declined with increasing sowing density, similar to findings in maize (Pellerin 1994; Liu et al. 2012) , we still observed an increase in the total number of major root axis (i.e. seminal and nodal roots) per area. Similar to other findings in barley (4-7 seminal roots per plant (Hackett 1969; Wahbi and Gregory 1995; Knipfer and Fricke 2011) ), both species had on average 5 seminal roots per plant, independent of the treatment applied. Consequently, we had 120, 600 and 1700 seminal roots per m 2 in the 24, 120 and 340 plants per m 2 plots, respectively. For nodal roots, these numbers were 24 × 95 = 2280, 120 × 40 = 4800, and 340 × 20 = 6800 nodal roots per m 2 at 767 GDD (Field2_2014) at somewhat higher GDD as the 60 cm-coring in Hecht et al. (2016) . Given that we found no evidence of a sowing density effect on the lateral root branching density or the average lateral root length, we can estimate the average RLD by assuming the major roots are mostly growing vertically and, the laterals mostly horizontally.
Where RLD = root length density in (cm cm −3 ), NMAA = number of major axis per area (cm −2 ), LRBD is the lateral branching density (here, 5 cm −1
), LL = average lateral length (here, 2 cm). The resulting RLD for low, medium and high sowing densities would be 2.6, 5.9 and 9.4 cm cm −3
, for a rough computation fairly close to the measured 2-6 cm cm −3 (Hecht et al. 2016) . Branching angles and the depth to which the different major axis grow influence the RLD in both horizontal and vertical directions, which we will discuss later. We conclude that increases in RLD may be explained by an increase in the number of major axes. Our computations also show that the ratio of seminal to nodal roots increased. Given that seminal roots have smaller diameters and thereby greater SRL, we suggest that the observed increase in SRL in response to density might simply be a result of the greater portion of seminal over nodal roots in high sowing density.
We found no evidence that sowing density greatly affects steepness, or progression towards depth
In our previous publication, we show that high density plants place more fine roots in the topsoil relative to deeper soil layers (Hecht et al. 2016) , which is similar to findings of other studies (e.g. (Tardieu 1988; Mommer et al. 2010; Kucbel et al. 2011; Chen et al. 2013; Ravenek et al. 2014) ). Shallow rooting can be influenced by the angles at which the major axis grow, by the progression of the major axis towards depth or by varying lateral branching densities at depth.
Rather than measuring shallower growth angles in the high density plots, we measured steeper angles, although this trend was weak. Steeper angles in response to planting density have been observed by Archer and Strauss (1985) for grapevine. In maize, Liu et al. (2012) found a weak effect of planting density on the root branching angle at one internode in one cultivar, and, contrary to our findings, the branching angle became more shallow with increasing planting density. The weak trend towards steeper angles that we observed, might actually be caused by the reduction in tillers. Fewer tillers, cause the stool to be narrower and thereby at 5 cm depth we might measure slightly steeper angles compared to the low density plants with many tillers, a wider stool. Going back to our NMR, shovelomics images, and rhizotron images, we suggest that the inclination angles of the roots are not affected by density supporting our hypothesis. These inclination angles, however, are more difficult to determine reliably as roots are not straight but curved. In general we observed a strong gravitropic response causing the major axes to grow quickly towards a vertical direction, similar as reported by Oyanagi et al. (1993) . We conclude that in our studies branching angles do not explain observed differences in rooting depth.
Branching frequencies can differ strongly along one root (Drew et al. 1973; Drew and Saker 1978; Babe et al. 2012 ). We did not find any evidence for changes in lateral branching frequency, neither of seminal nor of nodal roots. Branching frequencies were relatively stable, and on average 5 roots per cm. So we have no evidence for our hypothesis that shallow rooting is caused by increased number of laterals in the topsoil layers. Possibly, the laterals grew longer, however, determining lateral root length is difficult, as laterals easily break during root washing. Similarly, we have no method for determining the length of the major axis in the field. If some of these major axis had slower progression towards depth, or reduced length, the whole root system would be shallower. In rhizotrons, we did not observe this, but once observed an accelerated and once a reduced rate for roots when plants were growing in competition. We conclude that we found no data directly explaining shallower rooting at high planting densities and that growth angles, lateral branching densities, and root elongation rates were relatively stable across treatments and genotypes.
Alteration in RSA could have functional consequences
We asked if these observed changes in RSA (RLD, SRL, D50 (published before in Hecht et al. (2016)), branching angle, root counts, lateral branching frequency (presented in this study)) might have functional consequences for the ability of the crop to access water and nutrients. Many papers in the literature discuss the effect of shallow and deep rooting on nutrient and water uptake (Thorup- Kristensen 2001 Kristensen , 2006 Manschadi et al. 2008; Kristensen and Thorup-Kristensen 2009; Singh et al. 2010b; Wasson et al. 2012; Lynch 2013) . We regard the effects measured here however as probably too small to be of greater relevance. The strong effect on the number of major axes and the associated previously published increase in RLD could however have affected the ability of the crop to take up water and nutrients. Generally, greater RLD and SRL is associated with greater uptake capacity, especially for immobile nutrients such as phosphorus (Shane and Lambers 2005; Postma et al. 2014; Miguel et al. 2015) . For nitrate and water uptake, the optimal RLD has been suggested to be low, as greater RLD quickly leads to increased competition, not increased uptake. For example Saengwilai et al. (2014) show that maize genotypes with fewer nodal roots grow better on low N soils, supposedly because they do not waste energy on competition. Similarly, Postma et al. (2014) predicted (based on modeling) that the optimal lateral branching density in maize for N uptake is few (2-5) branches per cm. A genotypic contrast study by seems to confirm these results. Root classes are also thought to differ in function. Compared to seminal roots, nodal roots may have greater ability to penetrate deep soil, transport more water, but may have greater construction cost and reduced uptake per weight due to their generally lower SRL (Kuhlmann and Barraclough 1987; Araki and Iijima 1998) . On the other hand, seminal roots, being older, might grow deeper when the soil permits but have more advanced cortical senescence and suberization which impacts uptake negatively (Schneider et al. 2017) . Further research may be needed to understand what the root ideotype of barley is when growing at high sowing densities, especially with respect to the number of seminal and nodal roots.
Translating from lab to field We performed our experiments along a gradient of highly controlled to close to practice. The translation of lab experiments to field practice has proven challenging. In a recent review, Poorter et al. (2016) suggest that light, temperature and planting density might be the three factors explaining much of the observed differences between lab and field grown plants. We investigated the effect of plant density along a range of temperature and light conditions. Our results suggests that it is difficult to trigger a realistic density effect under controlled conditions. No doubt this is in part due to the duration of the experiments in the greenhouse being relatively short. At relatively high indoor temperatures, we expected plants to develop faster and tiller earlier (Clark 1969; Bade et al. 1985; Füllner et al. 2012; Hossain et al. 2012) , but only at the same age, and not at the same growing degrees days, did we observe a reduction in tiller number similar to what we observed early on in the field, though, with only half as many tillers. Artificial light has a high red to far-red ratio that actually should stimulate tillering (Kasperbauer and Karlen 1986; Kasperbauer 1987 ) which was true for our climate chamber experiment when comparing tiller numbers of this rhizotron experiment to the other rhizotron experimentsit had more tillers than in the two other rhizotron experiments -but it was not the case when comparing to field data, as in field plants had more tillers at the same DAG and GDD (data not shown). Possibly low light conditions might have reduced the response in our greenhouse experiment (Kamel 1959; Kays and Harper 1974; Casal et al. 1986 ) so we could only find an effect on tiller formation but not on shoot dry weight or nodal roots. Interestingly, we also used rhizotrons that were placed outside in spring (April-May 2013) and found similar temperature and light profiles to the field experiments. Indeed, shoot growth (tiller number and shoot dry weights) was slowed down in these rhizotrons, but root growth much less so (GR MRD were greater than in rhizotrons in greenhouse or climate chamber, the roots reached the bottom at 2-3 tillers, too early to cause a reduction in nodal roots due to a reduction in the formation of tillers). Possibly the root temperature in the rhizoboxes was higher than the air temperature or root growth is less temperature sensitive. In agreement with Poorter et al. (2016) , we conclude that simulating density responses, similar to those found in the field, under controlled conditions probably requires high light, sufficiently low temperatures, sufficient far-red light, deep containers to accommodate root growth, and sufficient time.
Conclusions
Sowing density is a factor that significantly changes RSA and thereby probably root system functioning. Our data indicate that the effects of sowing density on RSA are in all likelihood regulated over the aboveground tillering response. A reduction in the number of tillers caused fewer nodal roots per plant to be formed. Never the less, the number of major axes per area increased explaining the in Hecht et al. (2016) observed higher RLD. As a larger proportion of that RLD was formed by seminal roots, and seminal roots have smaller diameters than nodal roots (data not shown) we may expect the SRL to increase, as was observed by Hecht et al. (2016) . We found no definite explanation for the observed shallow placement of roots at higher density in the field experiments as neither root growth angles, nor branching frequencies or growth rates towards depth differed significantly among density treatments. Simulating the effect of sowing density under controlled conditions, where root growth is more easily observed, proved challenging. We suggest that light level, temperature, light quality, the depth of the container and the duration of the experiment are important factors to be considered when trying to simulate sowing density effects under controlled conditions. Given that sowing density might be an important factor in translating research to agronomic practice, especially in the development of root ideotypes, we suggest that further research is needed to understand the relative importance of the nodal versus seminal root system and its relation to the tillering response. In particular, our study makes clear, that field studies under realistic agronomic conditions can generally provide the most robust outcomes for such studies.
